In cancers, hypoxia inducible factor 1 (HIF-1) is an over-expressed transcription factor, which regulates a large set of genes involved in tumour vascularization, metastases, and cancer stem cells (CSCs) formation and self-renewal. This protein has been identified as a relevant target in oncology and several HIF-1 modulators are now marketed or in advanced clinical trials. The purpose of this review is to summarize the advances in the understanding of its regulation and its inhibition, from the medicinal chemist point of view. To this end, we selected in the recent literature relevant examples of "hit" compounds, including smallsized organic molecules, pseudopeptides and nano-drugs, exhibiting in vitro and/or in vivo both anti-HIF-1 and anti-tumour activities. Whenever possible, a particular emphasis has been dedicated to compounds that selectively target CSCs.
Introduction
According to the World Health Organization, the worldwide number of new cancer cases will double within the next twenty years, particularly in developing countries. Nevertheless, death rates are decreasing and life expectancy is increasing. Among the factors responsible for this apparent paradox, one can suggest a global better access to early stage diagnosis and the development of new targeted therapies. These therapies are designed to interfere selectively with key molecular 
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Cyril Ronco received his PhD on cholinesterases ligands under the supervision of Prof. P.-Y. Renard at the University of Rouen. He was then awarded with a Humboldt postdoctoral fellowship to work on the total synthesis of complex natural products in Prof. H.-D. Arndt group at Jena University, Germany. After working on medicinal chemistry projects in Prof. Déprez's group (University of Lille), he joined in 2014 the group of Dr. Benhida as "Maître de Conférences" at the University of Nice and his research focuses currently on the development of bioactive molecules to circumvent resistance mechanisms in the field of oncology. targets specific to malignant phenotypes. In this context, the deprivation of oxygen, hypoxia, which is one of the characteristics of the tumour environment, is now commonly targeted by therapeutic agents such as the anti-angiogenic drugs Sutent® and Avastin®, used for the first-line treatment of metastatic renal cell carcinoma. Nevertheless, clinical trials demonstrated a failure to totally eradicate cancers, and the tumours generally relapse within few months. Therefore, there is a real need to identify new drugs and relevant therapeutic targets such as the HIF factors that regulate a variety of cellular processes. The purpose of this review is to summarize the recent advances in HIF regulation and HIF inhibition, from the medicinal chemist point of view.
Tumour survival and aggressiveness under hypoxia
An apparent paradox is that many regions of growing tumours are poorly vascularized while they have very high needs in oxygen and nutrients due to their anarchic and rapid proliferation. This results in localized areas, known as "hypoxic niches", where oxygen levels (pO 2 ) are low. 1 For example, in pancreatic, prostate and breast cancers, the local concentration of oxygen in these hypoxic niches might be below or close to 2.5 mmHg, hence more than ten fold below the value commonly observed in healthy tissues. 2 The presence of these hypoxic niches in tumours is highly relevant for further clinical prognosis: these tissues encompass more aggressive tumour cells which are resistant to chemo-and radio-therapies due to an adaptive response mediated by about 1.0-1.5% of the humane genes ( Fig. 1) . 3 This adaptive response includes: -The metabolic reprogramming of tumour cells (yellow cells, Fig. 1 ). This metabolic switch (the Warburg effect) consists in the induction of ATP production through an anaerobic glycolytic pathway. It is characterized by high levels of glucose uptake, by opposition with the mitochondrial oxidative phosphorylation pathway occurring in healthy tissues. 4 In addition, hypoxic tumour cells also induce the pentose phosphate pathway (PPP). 5 However, recent evidences revealed the heterogeneity of this metabolic reprogramming in cancers. This induces a 'metabolic symbiosis', resulting in the strengthening of the adaptive response to cytotoxic agents. 6 -The increase of the metastatic potential of the tumour. On the one hand, hypoxic cells produce pro-angiogenic factors (VEGF, PIGF, HGF) 7 and their associated receptors and co-receptors 8 leading to the tumour re-vascularization, malignant cells extravasation and dissemination in distant healthy tissues. On the other hand, hypoxia regulates phenotype changes (Epithelial Mesenchymal Transition, EMT, leading to mesenchymal cells) and induces extra-cellular matrix degradations (expression and activation of matrix metalloproteases such as MMP-2, MMP-7, MMP-9, MMP-16). 9 The mesenchymal cells (blue, Fig. 1 ) are characterized by a specific morphology, and their phenotype is characterized by specific markers such as Snail, Slug, twist, vimentin, fibronectin, N-cadherin and also by the accumulation of β-catenin in the nucleus. 10 E-cadherin, a potent tumour repressor involved in cell/cell interactions, is downregulated by transcriptional repressors (Snail, Twist-1, ZEB1/2) and post-translational receptors (Hakai).
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-The improvement of the tumour cells dedifferentiation, and the promotion of Cancer Stem Cells (CSCs, red, Fig. 1 ). The combination of hypoxia and inflammation are responsible for the expression of stat3, the induction of Notch, Jag, Sonic and Hedgehog signalling pathways and for epigenetic changes leading to the phenotypic reversion of cancer cells to CSCs as highlighted in neuroblastoma and breast cancer. 12 This dedifferentiation can also be mediated by soluble factors (HGF, in colorectal cancer), 13 or receptors (c-Met, in
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glioblastoma).
14 This reversion is dramatic in terms of disease aggressiveness since CSCs have not only the unique capacity to initiate new tumours in distant healthy tissues, but also to develop specific resistances to conventional anti-cancer therapies, as recently reviewed by Sotiropoulou et al.
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In this context, a common denominator involved either in the metabolic and phenotypic changes, in the increase of tumour aggressiveness and in the CSCs promotion and maintenance is the Hypoxia Inducible Factor 1 (HIF-1). 16 This protein emerged as a target in oncology several decades ago but remains nowadays a very hot topic. Indeed, approximately 2900 yearly published articles devoted to this transcription factor can be retrieved using the "HIF" keyword on the SciFinder search engine. Nevertheless, although the link between HIF-1 and CSCs have already been evidenced, only a few molecules able to specifically inhibit HIF-1 in this subtype of cancer cells have been reported. 17 In this context, our first objective is to briefly summarize the mode of action of HIF-1, and its regulation in hypoxic and normoxic tissues, before reviewing the recent advances in the development of its inhibitors. To this end, we selected ongoing success stories focussed, whenever possible, on molecules with potential activities against CSCs.
3. The hypoxia inducible factor 1: a key target in cancer and cancer stem cells
The wide scope of the HIF-1 biological activities
In cancer cells, HIF-1 activates the transcription of genes (socalled hypoxia response elements, HRE), and leads as downstream consequence to metabolic switches, EMT induction, ECM changes (which includes the emission of pro-angiogenic factors), and also CSCs formation and maintenance (Fig. 2) . 3.1.1. HIF-1 promotes metabolic switches (Fig. 2, orange) . HIF-1 regulates a broad array of genes encoding for glycolytic enzymes, including the hexokinases 1 and 2 (HK1, HK2), the phosphofructokinase liver type 1 (PFK-L), the aldolases A and C, the phosphoglycerate kinase 1 (PGK 1), the enolase alpha (ENO-alpha), the lactate deshydrogenase A (LDH-A) and the fructose 2,6 bisphosphate (PFKFB-3). 18 HIF also exerts a double action on the pyruvate kinase muscle isozyme 2 (PKM-2), which is the final enzyme of the glycolysis: on the one hand, HIF stimulates PKM-2 expression and on the other hand, HIF and PKM-2 form heterodimers that have the unique capacity to migrate into the nucleus and to overexpress several genes involved in a set of biosynthetic pathways (in particular GLUT1, , hypoxic tumour will always relapse within few months, due to the persistence of the untreated CSCs. In this two cases, the relapsed tumours are heterogeneous cells composed by a mixture of mutated cells; this lead to a poor clinical prognosis. By a marked contrast, the combination of a specific anti-CSCs therapy with conventional anti-cancer drugs or surgery, generally leads to a better outcome (top panel).
transporters 1 and 3 (GLUT1, GLUT3), HIF plays a key function in supressing the mitochondrial oxidative metabolism by increasing the pyruvate dehydrogenase kinase 1 (PDK1) and by activating BNIP3 and BNIP3L genes, responsible for the mitophagy (mitochondrial selective autophagy). 20 Lastly, HIF induces the transketolase enzymes TKT and TKTL2, involved in the pentose phosphate pathway. 21 3.1.2. HIF-1 promotes angiogenesis (Fig. 2, green) . The role of HIF-1 has been pointed out in the regulation of several pro-angiogenic growth factors, including the vascular endothelial growth factor A (VEGF-A), the placental growth factor (PIGF), the platelet-derived growth gactor subunit B (PDGFB), the angiopoietins 1 and 2 (ANGTP) and the stromal-cell-derived factor 1 (SDF-1). 22 3.1.3. HIF-1 promotes EMT (Fig. 2, blue) . The global aggressiveness and metastatic potential of tumours are enhanced by HIF-1. It positively regulates the EMT inducing factors Snail, Twist, Slug and Zeb 1/Zeb 2, which in turn blocks the transcription of the E-cadherin, a key player in the cellular adhesion. 23 HIF-1 also activates the expression of VIM and TGFA, involved in the flexibility of the cytoskeleton. 24 Synergistic effects on the EMT regulation have been reported between HIF and Wnt/β-catenin in prostate and hepatocellular carcinomas, 25 and between HIF-1 and NF-κB in pancreatic cancers. 26 3.1.4. HIF-1 promotes ECM changes (Fig. 2, green) . HIF-1 is involved in extracellular matrix changes and remodelling. In particular, HIF-1 regulates the collagen prolyl hydroxylases (P4HA1, P4HA2), which play a critical role in collagen biosynthesis. It also regulates the lysyl hydroxylases (PLOD2), which is involved in ECM stiffening and collagen fibers alignment through the formation of intermolecular collagen crosslinks. 27 In the prostate cancer cell line LNCaP, HIF-1 overexpression has been related to the activation of the vimentin (which increase motility and invasiveness of malignant cells), of the cathepsin D (an activator of yPAR which regulates the production of an ECM degrading agent, the plasmin), of the urokinase plasminogen-activator receptor (uPAR) and of the MMP-2 (responsible for the type-IV collagen degradation which is the principal protein for the basement membrane). These are key players in the pathophysiology of tumour invasion and metastatic potential. 28 3.1.5. HIF-1 promotes cancer cell dedifferentiation and CSCs maintenance (Fig. 2, pink ). The precise mechanisms by which HIF-1 promotes cancer cell dedifferentiation and CSCs maintenance remain partly elusive. However, the impact of HIF-1 on CSCs has been well established in various solid tumours and haematological cancers.
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-Among the solid tumours, breast cancer stem cells (BCSCs) have been extensively studied. Indeed, in this type of cancer, the conventional anti-angiogenic drugs, such as bevacizumab and sunitinib, lead to a hypoxia-related formation of BCSCs. This occurs through HIF-1 mediation, and subsequent twist expression, Akt/β-catenin and Wnt signalling pathways induction. 30 Moreover, the depletion of HIF-1α gene results in reduced tumour growth and metastasis formation, and is related to the reduction of the BCSCs count. 30 More recently, the role of HIF-1 in the expression and activation of TAZ, a transcriptional co-activator of the Hippo signalling pathway, which is required for CSCs maintenance in various subtypes of cancers including breast, esophageal, oral cancers and hepatocellular carcinoma, has been evidenced. 31, 32 In CSCs, HIF-1 also promotes the transcription Fig. 2 The pivotal role of HIF-1 in tumour survival and aggressiveness. HIF-1 is a transcription factor which induces the transcription a large set of genes, the hypoxia response elements (HRE). Some of them are summarized in this figure. One can divide the HRE in four different classes, and representative examples are depicted herein. (i) HRE promoting metabolic switches (orange); (ii) HRE promoting CSCs formation and self-renewal (pink); (iii) HRE promoting changes in the extra cellular matrix (ECM) (green); and (iv) HRE promoting the epithelial mesenchymal transition (EMT) (blue).
of the gene encoding for the Siah E3 ubiquitin protein ligase, which is required for the degradation of large tumour suppressor kinase 2 (LATS2). 32 CSCs survival in solid tumours depends, among others, on the expression of telomerases reverse transcriptase (TERT), senescence blockers (such as glucose phosphate isomerase and phosphoglycerate mutase), and specific CSCs factors such as OCT and NANOG involved in multiple signalling pathways; all of them being under the regulation of HIF-1. 33, 34 The relevance of HIF in improving the CSCs maintenance has been clearly underlined in a large set of cancers, including thyroid, lung, colon, and gastric cancers. Thus, in the particular case of pancreatic carcinomas (Panc-1 and BxPC-3 cell lines), the dedifferentiation of cancer cells to CSCs has been formally associated with both autophagy and high expression levels of HIF-1. 34 Additionally, high levels of HIF-1 and upregulation of Akt signalling pathway have also been reported in the case of prostate CSCs. In these specific CSCs, resistance to conventional mTOR inhibitors has been related to HIF-1 expression. Moreover, HIF-1 promotes the downregulation of prostate CSCs metabolism, leading to CSCs quiescence and subsequent maintenance. 35 Lastly, in glioblastoma, the pseudopalisading regions are hypoxic and necrotic niches in which CSC-related markers (CD133, CD44, Sox2,…) are overexpressed. In these niches, hypoxia promotes a synergistic effect between HIF-1 and Akt signalling pathway, leading to CSCs maintenance as downstream consequence. Moreover, in this neuronal deadly cancer, the CSCs activity is reduced when HIF-1 encoding genes are silenced by shRNA.
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-In haematological malignancies, HIF-1 stands at the crossroad of different signalling pathways involved in CSCs maintenance. Indeed, the natural antibiotic cyclopeptide echinomycin disrupts HIF-1 binding to specific DNA sequences (read below, section 3.3) and leads to spectacular results on murine models of both Acute Lymphocytic Leukaemia (ALL) and Acute Myeloid Leukaemia (AML). In ALL, this drug cured 100% of mice that have received lethal dose of leukaemia cells, even when echinomycin was used at a lowdose (10 μg kg −1 ).
In these haematological malignancies, a crosstalk occurs between HIF-1 and Notch signalling pathways. On the one hand, HIF-1 binds the activated NOTCH1 protein and stabilizes it, resulting in the Notch signalling pathway activation; on the other hand, HIF-1 prevents a negative feedback regulation loop by inhibiting HES1 binding to the HES1 promoter, a key Notch target involved in CSCs self-renewal. In the case of AML, echinomycin induces the selective elimination of the AML-stem cells in a xenografted mouse model and also prevents the colony-forming unit with an IC 50 in the 100 pm range. 37 
The specificities of the three HIF isoforms
The hypoxia inducible factor is active under a heterodimeric form, as illustrated on Fig. 2 , which results from the association of an oxygen-regulated subunit (HIF-α) and an oxygen independent subunit (HIF-β, also known as aryl hydrocarbon receptor nuclear translocator ARNT). 38 Three isoforms of HIF-α (HIF-1α, HIF-2α and HIF-3α) have been reported (Fig. 3) . HIF-1α and HIF-2α share 80% of sequence homology, and exhibit close 3D structures. Structurally, they are constituted by 4 domains: a basic helix-loop-helix DNA binding domain (bHLH domain), two per-ARNT-Sim domains (PAS) involved in the HIF-heterodimer stabilization and co-activator recruitment, and the COOH-terminal transactivation domain (C-TAD). 39 The latter isoform, HIF-3α, also exhibits a structure divided into four domains, but the C-TAD domain is replaced by an unusual C-terminal leucine zipper (LZIP) involved in protein-protein interactions. In addition, at least ten spliced forms of HIF-3α have been reported to date, resulting in long (among them HIF-3α1, HIF-3α2, and HIF-3α9) and short (among them HIF-3α4) variants. Due to their strong similarities, it has been initially postulated that HIF-1α and HIF-2α share a common mode of regulation and also common functionalities. Nevertheless, this oversimplified model has been balanced in the last decade by growing evidences highlighting that HIF-1α and HIF-2α strongly differ in their expression and are not redundant. First of all, even if these isoforms have common target genes, such as the vascular endothelial growth factor (VEGF) or the interleukine IL-6, HIF-1α and HIF-2α are involved in distinct and specific gene expression. These differences have been exhaustively reviewed by Keith ad co-workers; nevertheless, some relevant specificities will be discussed herein. 40 Among these most remarkable specificities, whereas HIF-1α is a specific regulator of the glycolytic enzymes (e.g. hexokinases HK1 and HK2), HIF-2α has been reported to specifically targets the POU transcription factor OCT-4, a stem cell marker, and the growth factor TGF-α, a ligand for the epidermal growth factor receptor. Differences have been also pointed out at the cellular level. Moreover, an in vitro study on SW480 colon cancer cell line revealed that HIF-1α is involved in tumour cell proliferation and migration, while HIF-2α activity is related to cell motility induction. 41 Remarkably, in some specific cases, these two isoforms exert opposing effects. This has been demonstrated in the specific regulation of the nitric oxide production by macrophages. Whereas HIF-1α is reported to increase the levels of NO by enhancing the expression of the inducible nitric oxide synthase, HIF-2α induces the expression of arginase 1, as downstream consequence a reduction of NO production. 42 By a marked contrast with the two other isoforms, little is known about HIF-3α. An overview of the current advances concerning this isoform has been provided by Ravenna and coworkers in a recent review. 43 HIF-3α production is regulated by hypoxia; however, it is to note that its long variants are present in the cytoplasm and nucleus even in normoxia. Interestingly, HIF-1α and HIF-2α are involved in HIF-3α regulation. For example, it has been revealed that HIF-1α, but not HIF-2α, induces the production of two HIF-3α variants (HIF-3α2 and HIF-3α4) in the Caki-1 renal cancer cell line. It is noteworthy that HIF-3α was initially reported as a negative regulator of the transcriptional activities of HIF-1α and HIF-2α. However, HIF-3α is now considered as a mediator for distinct transcriptional hypoxia responses. Additionally, its role in the pro-angiogenesis signalling pathway, which occurs through the VE-cadherin gene repression, has been recently highlighted. 43 
The regulation of the HIF-1 translational activity
The regulation of HIF-1 is complex, and depends on distinct features. On the one hand, it has been recently evidenced that the expression of HIF-1 is controlled by a set of growth factors and cytokines, responsible for the induction of two main signalling pathways: PI3K/Akt and MAPK; this induction can occur both in hypoxic and normoxic tissues. On the other hand, HIF-1 levels can be balanced through the local pressure of oxygen (pO 2 ), since the oxygen dependent HIF-1α hydroxylation leads to its degradation by the proteasome. It is noteworthy that HIF-1 stabilization requires its binding to the chaperone protein Hsp90, and also some posttranslational modifications (Fig. 4) . The complex regulation of HIF-1. HIF-1 is activated by growth factors and cytokines through two main signalling pathways: PI3K/Akt (orange) and MAPK (blue). Nonetheless, in normoxic tissues, successive hydroxylations lead to (i) HIF-1 degradation by the 26S proteasome or to (ii) the inhibition of its transcriptional activity (blue arrows). Otherwise, interaction with the chaperone protein Hsp90 (for its dimerization) and cofactors such as p300/CEB (for the activation of its transcriptional activity) are also required. Fig. 4 and Table 1 ). 44 In normoxic tissues, another important hydroxylation exerting a negative control on the activity of HIF-1α occurs at the asparagine Asn 803 . This residue is located in the COOHterminal transactivation domain (C-TAD) of HIF-1α, and binds the coactivator p300/Creb binding protein (CBP) required for the interaction of HIF-1 heterodimer with its targeted genes (HRE). The Asn 803 hydroxylation is mediated by a FeĲII)-dependant asparginyl oxydase, so-called factor inhibiting HIF-1 (FIH-1), and described as a second oxygendependent sensor in the HIF-response to hypoxia. Indeed, FIH-1 is a tumour suppressor which is down-regulated in several cancer tissues and its inhibition can be correlated with a poor clinical outcome. In a recent study on colorectal cancers, FIH-1 has been highlighted as a specific repressor of the HIF-1α-induced transcription of GLUT-1 and VEGF. 45 Under hypoxia, the post-translational changes described above do not occur. Consequently, the stability of HIF-α is improved, and its transcriptional activity might be activated.
Several interactions between HIF-1α and partner proteins are also mandatory for its activation. First of all, the conformational changes induced by the chaperone protein Hsp90 are required for the binding of HIF-1α to HIF-β, and for their further dimerization; moreover, inhibition of Hsp90 leads to HIF-1α ubiquitination and subsequent proteasomal degradation. 46 Conversely, it is noteworthy that the formation of a ternary complex between HIF-1α, the murine double minute 2 (MDM2) and the tumour suppressor factor p53 induces the ubiquitination of the former and its destruction by the proteasome. 47 Specific phosphorylations on HIF-1α serine residues are required for its heterodimerization with HIF-β ( Fig. 4 and Table 1 ). Indeed, a pioneering work suggested that the HIF-1α dephosphorylated form is bound by the tumour repressor p53, and leads consequently to apoptosis. 48 Nonetheless, more recent studies evidenced that the stability of HIF-1α depends on a complex balance between the different phosphorylation states of its serine residues (Table 1) . On the one hand, HIF-1α undergoes two p42 and p44 mitogen-activated kinase (MAPKs) mediated phosphorylations on its serine residues Ser 641 and Ser 643 . 49 These phosphorylations allow the interaction between HIF-1α and Pin-1, a peptidyl-prolyl isomerase. This interaction induces conformational changes, which result in an enhancement of HIF-1α stabilization and in an increase of its transcriptional activity. 50 Moreover, the silencing or the inhibition of Pin-1 reduced in vivo tumour growth and disrupt angiogenesis in correlation with the down-regulation of HIF-1 activity. This pivotal role of Pin-1 has been recently highlighted by Han and co-workers. 51 In addition, the cyclin-dependent kinase 1
phosphorylates the serine residue Ser 668 , and also contributes to the stabilization of HIF-1α. 52 Conversely, the phosphorylations mediated by the Pololike kinase 3 (plk-3), which occur on Ser 576 and Ser 657 , and by the glycogen synthase kinase 3β (GSK-3) (on residues Ser 551 , Ser 555 and Ser 589 ) destabilize HIF-1α and lead to its degradation. 53 
The stimulation of HIF expression by growth factors and cytokines.
A large set of growth factors has been highlighted as inducers of HIF-1α expression in a tissuedependant manner. Among them, one can mention insulin, insulin-like growth factors (IGF-1 and IGF-2), the epidermal growth factor (EGF), v-SRC, endothelin-1, adrenomedullin (ADM), erythropoietin, and also cytokines. These growth factors activate both phosphatidylinositol 3-kinase (PI3K/Akt) and mitogen-activated protein kinase (MAPK) signalling pathways, which are involved in the synthesis of HIF-1α (Fig. 4) . 17 The PI3K/Akt pathway increases HIF-1α translation through its downstream target, the mammalian target of rapamycin (mTOR). This serine/threonine kinase is one of the main mediators of cellular division and proliferation mechanisms, and its activation is related to tumour growth in several cancer types. mTOR forms two distinct complexes, the rapamycin-sensitive mTOR complex 1 (mTORC1), encompassing the regulatory-associated protein of mTOR (Raptor), and the rapamycin-insensitive mTOR complex 2 (mTORC2), encompassing the rapamycin-insensitive companion of mTOR, (Rictor). These two complexes exert specific functional activities, but HIF-1α production is only activated by mTORC1, through the phosphorylation of the mRNA cap binding protein eukaryotic initiation factor 4E (eIF4E), and of the ribosomal protein S6 kinase (S6K). 54 The MAPK (Raf-MEK-ERK) signalling pathway exerts a dual activity on HIF-1. Firstly, ERK enhances HIF-1α biosynthesis. On the one hand, this kinase improves the levels of eIF4E, by phosphorylation of the translational repressor eukaryotic initiation factor 4E binding protein (4E-BP5); one the other hand, ERK phosphorylates the ribosomal protein S6K, a stimulator of HIF-1α translation. Secondly, ERK phosphorylates the transcriptional co-activator p300, and therefore acts in favour of its binding with HIF-1α. This interaction leads to the subsequent activation of HIF-1α transactivation-domain function. 55 Interestingly, it has recently been demonstrated that the use of Ginsenoside Rg3, a natural saponin extracted from ginseng, downregulates HIF-1α expression and subsequent angiogenesis through the common inhibition of both PI3K/ Akt and Raf-MEK-ERK signalling pathways. In vitro, this extract enhances the radiosensitization of oesophageal cancer cell lines. 56 
The regulation of HIF by reactive oxygen species (ROS).
The precise role of ROS (which include nitric oxide, superoxide and hydrogen peroxide) in HIF-1α regulation, which remains controversial, has been recently reviewed by Movafagh and co-workers. Several conflicting hypotheses have been postulated within the last decades. Even if there is a large consensus to consider that ROS and mitochondrial oxygen have the capacity to stabilize HIF-1α during hypoxia and also in normoxia, there is no evidence about the precise mechanisms involved in these processes. However, ROS seem to increase the cellular levels of HIF-1α by enhancing the PI3K/Akt and MAPK signalling pathways described above. 57 
HIF regulation under normoxia.
It is noteworthy that growing research interests are focusing on the HIF oxygen-resistant stability and activity, which can occur in several cancer cell types including CSCs.
The PI3K signalling pathway has been identified as a main activator of HIF-1 under normoxia. It induces accumulation of HIF-1α through mTOR activation. In normoxic tissues, activation of HIF-1 is also correlated with genetic alterations, such as inactivating mutations in mitochondrial enzymes, which purposes are on the one hand to enhance HIF transcription, and on the other hand to improve HIF-1 stability. 58 For example, it has been observed in glioma that specific mutations in PHD and/or its regulators lead to HIF-1 stabilisation; otherwise, it has been evidenced by Nakaota and co-workers that Mit3 destabilizes FIH, thus positively regulates HIF-1. Moreover, VHL expression is downregulated in a specific subset of leukaemia stem cells (c-Kit
. 59 Lastly, little is known about the methylation-demethylation cycles of HIF-1α, nevertheless a recent report on this topic underpinned the relevance of the SET7/9 methyltransferase and the lysine-specific demethylase 1 for further development of molecular agents able to tackle HIF-1 activities in cancers. 60 To summarize, the activation and stabilization of HIF-1 depends not only on pO 2 , but also on growth factor-induced signalling pathways; they embody numerous opportunities to the medicinal chemist who aims at designing small-sized molecules able to interact/inhibit them.
Strategies to downregulate HIF-1 activity with pharmaceuticals
As discussed above, HIF-1 is an indisputable target in oncology, and therefore remarkable efforts in the discovery of synthetic or natural HIF-1 inhibitors have been sustained in the last decades (Fig. 5 ). These inhibitors can be divided in three distinct classes, depending on their way-of-action. In fact, these molecules can affect (i) HIF-1 mRNA levels and HIF-1 protein synthesis; (ii) HIF-1 stability and dimerization; (iii) HIF-1 binding to its targeted genes.
Several therapeutic agents belonging to each class have been approved or are in preclinical stage; representative examples are discussed below. Nevertheless, it is noteworthy that very few HIF inhibitors have been specifically designed and tested on CSCs, in fact many of them have been discovered before the emergence of the CSCs concept. In this context, we decided to particularly highlight the molecules with potential applications against CSCs.
Therapeutic agents targeting HIF mRNA level and HIF biosynthesis
Blockers of HIF biosynthesis can be divided in five classes: (i) Akt/mTOR signalling pathway inhibitors; (ii) topoisomerase I inhibitors; (iii) molecules targeting HIF mRNA; (iv); molecules targeting the microtubule network and (v) miscellaneous compounds.
4.1.1. Akt/mTOR signalling pathway ( Fig. 6 and 7) . The Akt/mTOR signalling pathway, one of the key players in the HIF mRNA ribosomal transcription, is involved in a large scope of cellular activities including the cell cycle regulation and apoptosis. Its specific involvement in CSCs signalling has been recently reviewed by Xia and Xu. 61 Therefore, Akt/ mTOR is a very popular target for medicinal chemists: several Akt/mTOR inhibitors have been marketed and are now clinically used. Consequently, the HIF-1 down-regulation mediated by Akt/mTOR inhibitors have been extensively studied. Phosphatidylinositol 3-kinase (PI3K) inhibitors form a large family of Akt/mTOR blockers, which currently includes more than 15 molecules in clinical trials (Fig. 6) . 62 Wortmannin, a natural product isolated from Penicillium wortmanni, and LY294002 are two "first generation" PI3K inhibitors that have been developed by Eli-Lilly. 63 These molecules exert a very potent activity against PI3K, even at a low level (IC 50 = 1 nM and 1.4 μM respectively), and affect in a dose dependent manner HIF-1α levels. Moreover, recent studies have highlighted the potential use of LY294002 against BCSCs. 64 Indeed, LY294002 has the ability to reverse multidrug resistance in these cells by interfering with the three major ATP-binding cassette transporters: BCRP-1 (breast cancer resistance protein-1), P-glycoprotein and MRP-1 (multidrug resistance-associated protein-1). In addition, LY294002 inhibits the proliferation of BCSCs in hypoxic microspheres and downregulates the biosynthesis of HIF-2α. Nevertheless, these two pioneering molecules exhibit a strong toxicity in mice. For instance, at the daily dose of 1 mg kg −1 , Wortmannin kills 50% of the treated mice. This toxicity has strongly restrained the potential clinical use of these two PI3K inhibitors in humans. 65 Among the PI3K inhibitors that emerged in the last decade, one should mention NVP-BEZ235 (Dactolisib), an ATP competitive inhibitor. It interacts with different PI3K isoforms with IC 50 ranging from 4-7 nM in cell-free assays, suppresses HIF-1α expression, induces autophagy in tumour cells and exhibits strong anti-proliferative activities characterized by cell cycle arrest in G1 phase. Importantly, NVP-BEZ235 is also an inhibitor of the downstream kinase mTOR (IC 50 = 6 nM). This drug is active on different models of mice xenografted with human tumours (gliomas, pancreatic, sarcoma, ovarian, renal, breast, hepatocellular carcinoma), when used alone or in combination with other conventional anticancer agents. 66 NVP-BEZ235 reverses resistance to other anti-cancer agents in pancreatic neuroendocrine and nonsmall cell lung cancers. 67 Moreover, this drug enhances in vitro the radio-sensitivity of human glioma stem cells, and also inhibits CSCs proliferation in the CD133 + and CD44 + HTC-116 colon cancer lines. Lastly, NVP-BEZ235 also improves the cytotoxic effect of paclitaxel on colorectal CSCs (human SW620 cancer cell line). 68 This drug entered for the first time in clinical trials phase I in December 2006 for the treatment of advanced solid tumors (NCT00620594), and in phase II in October 2011. To date, at least ten phase II trials have been launched for the use of NVP-BEZ235 in monotherapy or in combination with other therapeutic agents against solid tumors (including advanced renal cell carcinoma, NCT01453595, advanced breast cancers, NCT01471847, metastatic and castration-resistant prostate cancers, NCT01717898, advanced pancreatic neuroendocrine tumors, NCT01628913). However, most of their results remain unpublished, yet (https://clinicaltrials.gov).
Nevertheless, it is noteworthy that the first-in-class PI3K inhibitor remains to date Idelalisib (CAL-101). The use of this orally bioavailable drug has been approved in 2014 in United States and European Union for the treatment of various leukaemia (Chronic lymphocytic leukaemia, small lymphocytic leukaemia, and follicular lymphoma). 62 Another target of interest in the Akt/mTOR cascade is the final serine/threonine kinase mTOR (mammalian target of rapamycin). Its natural ligand, rapamycin (sirolimus), downregulates HIF-1α levels by interfering with Akt/mTOR (Fig. 7) . In vitro studies have demonstrated the cytotoxic potential of rapamycin against several cancer cell lines, including glioblastoma CSCs; 69 nevertheless, rapamycin used alone in vivo leads to poor clinical benefits, and should be combined with other anti-cancer agents. In this case, very potent effects have been reported: for example, its combined use with an inhibitor of the Sonic Hedgehog pathway leads to the complete CSCs eradication in mice xenografted with human pancreatic tumour in vitro and in vivo. In breast cancers, the combination of tamoxifen and rapamycin reduces the mammosphere formation and counteracts formation of CSCs. 70 Among the rapamycin analogues, two molecules of interest are temsirolimus (Torisel®) and everolimus. Temsirolimus was approved in 2007 by the FDA for the treatment of advanced renal carcinomas. Indeed, the phase III clinical trials demonstrated longer overall and progressionfree survival for patients treated with this molecule compared with patients treated with interferon-α, which is the standardized drug used in kidney cancers. 71 Additionally, the FDA approved in 2011, the use of everolimus for the treatment of progressive and advanced pancreatic neuroendocrine tumours. This drug affects either angiogenesis, cell proliferation and survival. A phase III trial (RADIAN-4) performed on a cohort of 302 patients coming from 25 countries and suffering neuroendocrine tumours of lung or gastrointestinal origin, outlined an increased (11 months) median progressionfree survival when using everolimus at a daily dose of 10 mg. Moreover, at this dose, the adverse event observed are infrequent, and include stomatitis (9% of patients), diarrhoea (7%) and infection (7%). These could be managed by adapting the dose of the drug, without changing the duration of the treatment. The long term overall survival results of this trial have not yet been reported. 72 Everolimus has also been studied in other clinical trials for the treatment of a set of cancers, including of castration-resistant prostate cancer, advance cervix cancer and breast cancers. 4.1.2. Topoisomerase inhibitors (Fig. 8) . Camptothecin, an inhibitor of topoisomerase I, inhibits the release of singlestrand DNA breaks from this enzyme. This alkaloid extracted from the Chinese plant Camptotheca acuminata, exerts a cytotoxic activity against a large set of cancer cell lines, and is also active in vivo on xenografted animal models. Nevertheless, camptothecin is poorly soluble in aqueous media, highly MedChemComm Review toxic for healthy tissues and its lactone ring is unstable at physiologic pH. 74 Among the marketed topoisomerase I inhibitors, topotecan is a water soluble camptothecin analogue active against a large scope of human tumours, including resistant ovarian carcinoma, small cell and non-small cell bronchogenic carcinomas and myeloid leukaemia. Moreover, a recent study revealed that topotecan enhances the effect of cisplatin in platinum-resistant ovarian cancers. Topotecan inhibits HIF-1α expression in cell culture at low concentrations (EC 50 = 54 nM); in vivo, its daily administration to U251 human glioblastoma xenografted mice results in HIF-1α inhibition, tumour growth inhibition and a marked decrease of HIF-1 target gene expression (VEGF, GLUT1…). Lastly, in a recent clinical trial involving a cohort of patients suffering advanced solid tumours, topotecan decreased HIF-1α expression. 75 This molecule has been reformulated for its use as therapeutic agent for humans and vectorization by nano-objects, such as lipidic-, albumin-or micelle-based structures has been considered. For example, camptothecin has been covalently bound to a cyclodextrin-polyĲethyleneglycol) copolymer to form the nanoparticle-drug conjugate: CRLX101. It has a neutral surface charge and the polyĲethyleneglycol) moiety contributes to the improvement of solubility and stealth. This results in a better stability, prolonged circulation time in the organism, and accumulation in the malignant tissues through the enhanced permeability and retention of the tumour (also known as the passive vectorisation effect). 76 Pharmacological studies have demonstrated that the release of camptothecin from this nano-conjugate leads to stronger HIF-1α inhibition and as downstream consequence to improved anti-tumor potency compared to other marketed camptothecin derivatives such as topotecan. CRLX101 reached phase II clinical trials for the treatment of renal, ovarian and rectal cancers. 77 Interestingly, its use leads to the reversion of tumour resistance to bevacizumab (conventional anti-angiogenic agent) in mice xenografted with human breast cancer cell line SUM159. In models of mice xenografted with human SUM159 cancer cells, the combined bevacizumab/CRLX101 therapy affects predominantly the BCSCs population hence resulting in tumour regression and delayed recurrence. Moreover, the administration of CRLX101 impedes the BCSCs formation induced by the conventional anti-angiogenic therapeutic agent bevacizumab. Indeed, the tumour size regresses from 200 mm 3 to 35 mm 3 when the mice are treated for 6 weeks with a combination therapy of 6 mg kg −1 CRLX101 + bevacizumab. 4.1.3. Therapeutic agents blocking HIF-1α expression (Fig. 9) . EZN-2968 is a locked nucleic acid (LNA)-based oligonucleotide (third generation of antisense technology), whose sequence has been specifically designed to be complementary to residues 1197 to 1212 of the human HIF-1α mRNA sequence. EZN-2968 binds to HIF-1α mRNA and inhibits its expression. In vitro, this molecule is active (IC 50 in the 1-5 nM range) against human prostate (15PC3, PC3, DU145) and glioblastoma (U373) cell lines. Moreover, EZN-2968 affects in vivo in a dose-dependent manner both HIF-1α and VEGF in mice xenografted with human DU145 prostate cancer cell line and reduces the tumour size. Interestingly, EZN-2968 blocks HIF-1α production not only in hypoxic tissues but also in normoxic cells. However, to the best of our knowledge, the specific effects of EZN-2968 on CSCs has not been assayed, yet. 79 Lastly, a pilot trial performed in 2014 on patients with refractory solid tumour established the proof-of-concept for its clinical use. Indeed, among the patients enrolled in this trial, one showed (duodenal neurodecrine tumour) a 24 weeks tumour stabilization. The tumour biopsies performed on other patients evidenced the reduction of both HIF-1α mRNA and HIF-1α protein levels, and also the downregulation of proteins encoded by HIF-1 target genes. 80 Another molecule of interest is an aminoflavone, issued from the prodrug AFP-464, which recently entered in phase II clinical trial. This anti-cancer agent blocks HIF-1α expression and exhibits anti-proliferative effects against MCF-7 breast tumour cell line (but does not exert any cytotoxicity against the aggressive breast cancer cell line MDA-MB-231). It is also active in neoplastic cells of renal origin. A synergistic effect has been observed in vitro on MCF-7 cell line, when this molecule is used in combination with other conventional anti-cancer agents, such as paclitaxel or camptothecin. 81 It is noteworthy that there are growing evidences of the cytotoxicity of flavonoids structurally related to aminoflavone against breast and prostate CSCs. 82 For example, 8-chloroflavanone and 2′,3′-dimethoxyflavanone emerged from a screening of 42 flavonoids. 83 Additionally, flavopiridol, a molecule that is currently in clinical trials, has been evidenced as an apoptosis inducer (stimulation of caspase-3, caspase-8 and p53) and as an inducer of the cell cycle arrest in CSCs isolated from the DU145 human prostate CSCs. Despite these promising results obtained on structurally-related flavonoids, this aminoflavone has not been studied for its specific effects on breast CSCs, yet. 84 4.1.4. Therapeutic agents targeting the microtubule network and affecting HIF-1α expression (Fig. 10) . 2ME 2 (2-methoxy-estra-1,3,5Ĳ10)trien-3,17β-diol) is a endogenous metabolite of 17β-estradiol, which biosynthesis consists in a sequential hydroxylation/O-methylation occurring at position 2 of the steroid core. Synthetic pathways to this molecule and its biological activity have recently been reviewed by Sathish Kumar and co-workers. 85 Mechanistically, 2ME 2 binds the colchicine site of tubulin. Therefore, it prevents the microtubule assembly and inhibits the tubulin polymerization, thus leading to a cell cycle arrest in metaphase. Interestingly, these effects are not correlated with the expression of the estrogen receptor at the surface of the tumour cells. It is noteworthy that 2ME 2 also induces ROS formation and activates the caspase-3. As a first consequence, the combination of these different effects induce a pro-apoptotic activity against a panel of different carcinomas (gastric, nasopharyngeal and breast), and consequently, 2ME 2 exerts in vitro anti-proliferative effects against a broad scope of human cancer cell lines. 
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The 2ME 2 -mediated downregulation of HIF-1α and its subsequent effects in vivo on angiogenesis were reported a decade ago. This effect proceeds downstream the binding of 2ME 2 to the tubulin colchicine binding site, and results both in the disruption of HIF-1α translation and in the blockade of its nuclear translocation; 2ME 2 also inhibits the synthesis of the HIF-1α induced protein.
Currently, 2ME 2 is being evaluated, through several clinical trials (phase I & II), for the treatment of solid advanced and metastatic tumours; either alone or in combination with other therapeutic agents including nano-objects). 85, 86 This drug candidate is well tolerated by patients and exhibits a moderate toxicity at the dose of 1 g per day. Significant clinical benefits have been reported, among them the regression or the stabilization of the tumours. In this context, the use of 2ME 2 for the specific treatment of CSCs in haematological malignancies has been patented in 2011. 87 Series of 2ME 2 structurally-related compounds have been synthesized to optimize the durability and to unravel the structure-activity relationships. Briefly, while structural changes in the steroid rings B and C are unfavourable in terms of cytotoxicity and binding to tubulin, derivatives with improved stabilities and biological activities have been obtained by modification in rings A and D. 85 Among the latter series, three 2ME 2 analogs (ENMD1198, ENMD 1200 and ENMD 1237) emerged as potential drug candidates and reached the clinical trial stage against advanced and/or refractory tumours (phases I and II). The assessment of ENMD1198 in a phase I trial revealed a limited drug-related toxicity at a dose of 425 mg m −2 d −1 ; several patients enrolled in this trial achieved stabilisation of disease after only two treatment cycles. 88 4.1.5. Miscellaneous compounds ( Fig. 11 and 12) . Cardiac glycosides form a class of natural compounds that has been used for centuries to treat congestive heart failure and arrhythmias. The digoxin and digitoxin are extracted from plants such as Digitalis purpurea and Digitalis lanata and the proscillaridin is obtained from plant of the genus Scilla and also in Drimia maritima, whereas other cardiac glycosides are endogenous in humans, such as ouabain.
In 2008, Zhang and co-workers demonstrated, through the screening of compounds in clinical trials, that these cardiac glycosides inhibit HIF-1α and HIF-2α protein expression in human prostate cancer cell PC-3. The authors observed that, at the dose of 100 nM, digoxin reduces selectively the HIF-1α synthesis by 73%. Moreover, the same authors demonstrated that cardiac glycosides do not reduce the mRNA HIF-1α levels. 
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However, these drugs disrupt the translation of HIF-1α mRNA by a mechanism that is independent of mTOR. Lastly, on mice xenografted with human PC-3 cells, digoxin stops the tumour growth after 7 days of treatment when administrated at a dose of 2 mg kg −1 . Importantly, the authors do not report any loss of weight on treated animals. 89 More recently, it has been evidenced in pancreatic ductal adenocarcinoma cells, that digoxin is a negative regulator of the stem cell factor (SCF-1). SCF-1 is a multifunctional cytokine involved in tumour growth, and expressed under HIF-1 stimulation. 90 The precise inhibition mechanism remains elusive although there are some evidences that it occurs independently from the pVHL/proteasome pathway. Nevertheless, Xie and co-workers recently evidenced that these cardiac glycosides downregulate the polo-like kinase 1, 91 which is involved in the phosphorylation of HIF-1α as described above (section 2.3). 53 Despite their ancestral use to threat cardiac malignancies, these molecules are now outdated due to their very poor therapeutic index, and they cannot be administrated at a dose greater than 0.012 mg kg −1 (digoxin, iv. administration).
Therefore, the pharmacologic profile of these agents has to be strongly optimized for their use in oncology. PX-478 is another interesting drug candidate. This molecule exerts antitumour and pro-apoptotic effects that are correlated with low HIF-1α levels and the blockade of its targeted genes (VEGF and GLUT). Moreover, when administrated at a dose of 100 mg kg close to 50% in MCF-7 breast cancer) has been observed. This drug leads to a 99% tumour regression and a tumour growth delay of 57 days in the case of OvCar-3 ovarian cancer. A complete cure has been reported with SHP-77 small-cell lung cancers. In this latter case, no tumour cells were detected, at the xenograft site, 100 days after the completion of the protocol. 92 Interestingly, PX-478 inhibits HIF-1α both in normoxia and hypoxia by several distinct mechanisms; however, this does not occur through the pVHL/proteasome pathway. Indeed, PX-478 mainly down-regulates levels of HIF-1α mRNA and inhibits it translation. Its second mechanism of action consists in the inhibition of HIF-1α deubiquitination. 93 PX-478 completed a phase I clinical trial on 41 patients in 2010 (NCT00522652) for its use against advanced solid tumours and lymphoma. It was administrated at doses ranging from 1 mg m −2 to 88.3 mg m −2 , and 35% of treated patients achieved a stable disease and a dose dependent HIF-1α inhibition. However, the pharmacokinetic studies evidenced the rapid conversion of PX-478 into melphalan, a metabolite which is an alkylating agent but that does not inhibit HIF-1α. This result has undermined the clinical development of this molecule.
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The use of nanomaterials opened a new avenue in the medicinal landscape. These new objects are characterized by specific size and surface which act in favour of their interaction with complex biological systems. Indeed, nano-sized objects are mainly used as carrier for therapeutic agents such as small-sized organic compounds or oligonucleotides.
Among these nanomaterials, the fullerene-based Gd@C 82 (OH) 22 is characterized by the encapsulation of a gadolinium atom into an organic cage constituted by 82 carbon atoms and 22 hydroxyl groups. 95 This 1 nm nanoparticle exhibits a very low toxicity for healthy tissues but exerts a potent anti-cancer activity. In fact, Gd@C 82 (OH) 22 brought one of the first evidences of the intrinsic anti-tumour effect of certain nanodrugs. 96 Recently, Liu and co-workers demonstrated that Gd@C 82 (OH) 22 is a specific and non-toxic inhibitor of HIF-1α expression in breast cancer stem cells. Indeed, Gd@C 82 (OH) 22 reduces EMT, eliminates CSCs under normoxia, and also inhibits, in vivo, HIF-1α expression in hypoxic CSCs. Moreover, the authors evidenced, by means of inductively coupled mass spectrometry analyses, that hypoxia promotes the Gd@C 82 (OH) 22 uptake, thus preventing the EMT. This nanodrug reduces cell migration and invasion, and down-regulates the expression of a set of pro-angiogenic factors at the mRNA and the protein levels (VEGF, IL-6, IL-8, MMP-2 and MMP-9). It is noteworthy that, Gd@C 82 (OH) 22 does affect neither apoptosis and necrosis, nor cell View Article Online proliferation in the bulk of the tumour. Altogether, these results underline a specific cytotoxic effect towards the CSCs population. 97 Due to its novelty and selectivity, one can consider that this therapeutic agent paves the way to a new area for medicine.
Therapeutic agents affecting HIF stability and its dimerization
Drug candidates able to induce the destabilization of HIF-1α and to prevent its dimerization with HIF-1β might be divided into the four following classes: (i) molecules targeting the chaperone protein Hsp90; (ii) inhibitors of histone deacetylases (HDAC); (iii) inhibitors of thioredoxin-1; and (iv) miscellaneous compounds. (Fig. 13 ). Hsp90 is a chaperone protein involved in the maturation and the regulation of more than 200 "client proteins". Among them, many may exert an impact on cancer cells (e.g. specific signal transductions, phenotypic and metabolic changes). A recent review by Hong and co-workers highlights the recent advances in targeting Hsp90. 98 Interestingly, an overwhelming majority of agents targeting Hsp90 have been designed to bind its N-terminal ATP binding pocket. As described above (section 2.3), 46 HIF-1α binding to Hsp90 results in conformational changes which are mandatory for its subsequent interaction with HIF-1β. Moreover, antagonizing the binding of HIF-1α to Hsp90 leads to the degradation of the former in a pVHL-independant manner. Among the most recently published Hsp90 inhibitors exhibiting a demonstrated effect on HIF-1α level, one can mention small sized organic molecules such as wogonin or degueulin and curcumin derivatives, 99 naturals products (e.g. glyceollinin), 100 and also macromolecules such as porphyrins derivatives (e.g. protoporphyrin IX). 101 The geldanamycin is a natural benzoquinone belonging to the class of the ansamycin antibiotics. It has been isolated from the bacteria Streptomyces hygroscopicus. In renal cell carcinoma and prostate cancer cells, this molecule binds the ATP binding pocket of Hsp90, and subsequently induces HIF-1α degradation. 102 However, preclinical studies in dog have highlighted severe side effects. Indeed, at a dose of 2.0 mg kg −1 , the geldanamycin induces acute hepatic necrosis, nephro-and gastrointestinal toxicities. Moreover, a randomized phase III study, including patients suffering gastrointestinal stromal tumours, was interrupted due to 4 deaths attributed to liver failure. This toxicity restricted the geldanamycin use in humans. 98 Conversely, two structurally-related analogs of galdanamycin exerting marked cytotoxic activities against CSCs are currently in clinical trials (17-N-allylamino-17-demetoxygeldanamycin, so-called 17-AAG or tanespimycin, On haematological malignancies, 17-AAG selectively eliminates lymphoma CSCs both in vitro and in vivo, and supresses HIF-1α transcriptional activity in a dose dependent manner. Indeed, in vitro, 17-AAC is about 50-fold more potent against the lymphoma CSCs (IC 50 = 5.6 nM) than against the non-CSCs (IC 50 = 238 nM). Moreover, Annexin V immunostaining demonstrated that at the dose of 10 nM, 17-AAG exerts a pro-apoptotic effect on CSCs, while non-CSCs remains unaffected. 103 On solid tumours, 17-DMAG potentiates in vitro the cytotoxicity of cisplatin against the bladder CSCs that survived to a conventional chemotherapy. Likewise, 17-AAG improves the therapeutic outcome of a systemic cisplatin-based combination chemotherapy on mice xenografted with bladder CSCs. 104 It is to note that 17-AAG reached the phase III clinical trial in 2007 (BMS TIME 1, NCT00546780) for its use in monotherapy for the treatment of patients with multiple myeloma in first relapse; otherwise 17-DMAG entered in phase II clinical trial in 2008 for the treatment of breast cancer (NCT00780000). However, 17-AAG and 17-DMAG are poorly soluble in water and are usually administrated to patients by intravenous injection in an organic solvent. Recently, while searching for alternative formulations of these drugs, Desale and coworkers reported an efficient process for the dual coencapsulation of 17-AAG and doxorubicin (1 : 6 molar ratio) into a biodegradable and biocompatible polypeptide-based nanogel. In mice xenografted with human ErbB2 BT-474 breast cancer cells, the 17-AAG/doxorubicin combination is more efficient to reduce tumour growth and to enhance animal survival when administrated in the nanogel formulation than when the two drugs are administrated separately. 105 Otherwise, a recent study on mice xenografted with human hepatocellular carcinoma demonstrated the ability of 17-AAG, when encapsulated into magneto-liposomes bound to an monoclonal antibody directed toward a specific CSCs marker (CD90), to sensitize CSCs to magnetic hyperthermia through the inhibition of Hsp90. 106 Ganetespib is a second generation inhibitor of Hsp90 that encompasses a resorcinol-linked triazolone structural motif (Fig. 14) . In vitro cytotoxic assays demonstrated that ganetespib is 20-fold more potent than 17-AAG against a broad scope of human tumours (median IC 50 values of 14 nM vs. 280 nM). This molecule binds the N-Terminal ATPbinding domain of Hsp90, and the corresponding X-ray structure has been resolved (PDB code: 3TUH, Fig. 14) . The analysis of this crystal reveals at least four H-bond (involving the residues: Lys 58 , Asp 93 , Gly 97 and Thr 184 ) and a set of hydrophobic interactions (Fig. 14) . The most dramatic cytotoxicities have been reported against haematological malignancies (e.g. acute myeloid leukaemia, MOLM-13 cell line, IC 50 = 5 nM; chronic myeloid leukaemia, KU812 cell line, IC 50 = 6 nM; T cell leukaemia, CCRF-HSB-2 cell line, IC 50 = 2 nM); nonetheless, melanoma (e.g. A375 cell line, IC 50 = 4 nM), prostate (e.g. DU cell line, IC 50 = 7 nM) and colon (e.g. HCT-15 cell line, IC 50 = 8 nM) cancer cell lines are also highly sensitive to this drug. 107 An in vivo study on mice xenografted with the human non-small cell lung cancer, NCI-H1975, revealed that ganetespib is maintained in tumour with t 1/2 = 58.3 h, and totally supresses HIF-1α expression only 24 h after injection of a single dose (125 mg kg −1 ). 108 Otherwise, in a human triple-negative breast cancer model (MDA-MB-231 and MDA-MB-435 xenografts), ganetespib administered at the weekly dose of 150 mg kg −1 inhibits selectively HIF-1α expression and the primary tumour growth. It also blocks the vascular invasion and the metastasis formation. Overall, in this in vivo assay, ganetespib reduced dramatically the specific population of breast CSCs from 3.5% to 1% (MDA-MB-231) and from 2.5% to less than 1% (MDA-MB-435). 109 To summarize, ganetespib exhibits a better pharmacologic profile than 17-AAG. It affects angiogenesis, tumour metabolism, stem cell self-renewal, invasion and metastasis processes. Moreover, recent clinical trials on prostate cancer, hepatocellular carcinoma and non-small cell lung cancer (phase I and II) revealed that this agent is well tolerated and does not exert any acute toxicity (maximum tolerated dose of 200 mg m −2 ). 110 Altogether, these results promote ganetespib as one of the most promising anti-cancer agent, and as consequence, this drug was assayed in a first phase III study in April 2013. This study was performed on 700 people suffering advanced NSCL cancers. Its purpose was to compare the use of ganetespib in combination with docetaxel versus docetaxel alone (NCT01798485, Galaxy 2). However, the combination therapy did not bring any clinical benefit for patients as demonstrated by the overall survival and progression-free survival, which were equivalent in the two groups of patients. It is to note that another phase III study has been launched in October 2014 for the treatment of haematological malignancies (acute myeloid leukaemia and myelodysplastic syndrome, NCT02272478). Fig. 15 and 16 ). Histone deacetylases (HDAC) form a family of 18 enzymes that emerged 15 years ago as promising therapeutic targets in oncology (Table 2) . HDACs are divided into five distinct classes depending on their cellular localization and mechanism. Indeed, HDAC classes I, IIa, IIb and IV form the HDAC 'classical familly' that requires a cationic Zn 2+ for their catalytic ac- (Fig. 15 ). HDACis exert a large scope of biological effects, including cell cycle arrest, DNA damage through oxidative stress, apoptosis induction, downregulation of tumour cell motility, up regulation of pVHL and repression of pro-angiogenic factors.
Molecules targeting Hsp90

Histone deacetylase inhibitors (
HDACis are also involved in the regulation of translational factors, including HIF-1α. To date, the precise mechanism of HIF-1α down-regulation mediated by HDACis remains elusive. However, several studies suggested that class II HDACis lead to a pVHL-independent degradation of HIF-1α. 112 This can be related to abnormalities in the acetylation of both HIF-1α (Lys 532 , Lys 674 and Lys 709 ) and Hsp90. 113 Nonetheless, a recent study on liver cancer cell lines revealed that Vorinostat down-regulates HIF-1α translation, independently from P53, prolyl hydrolases, autophagy and proteasomal degradation. 114 It is noteworthy that synergistic effects have been reported in the case of solid tumours, such as non-small cell lung carcinoma and prostate cancer, when is combined with a conventional cytotoxic agent (cisplatin) or a radiotherapy with HDACi. 115 In haematological malignancies, the therapeutic potential of the HDACis against CSCs has been widely evidenced. For example, Romanski and co-workers demonstrated, in a model of acute leukaemia involving primary tumour cells from patients, that the use of dacinostat (10 nM) or vorinostat (1 μM) inhibits the proliferation of leukaemia stem and progenitor cells by interfering with the transcription factor, c-MYC, and with the Polycomb group protein BMI1. 116 In solid tumours such as prostate cancers, triple negative breast cancers and head and neck cancers, glioblastoma and thyroid, HDACis exhibit cytotoxic effect against CSCs when used alone or in combination with other therapeutic agents. Nonetheless, these indisputable anti-CSCs effects have not been fully related to their action on HIF-1α, yet. 115, 117 The sirtuin family, which has been recently reviewed by Kozako and co-workers, encompasses seven isoforms. 118 Sirtuins are localized in different cellular compartments, including nucleus (SIRT 1, SIRT 2, SIRT 6 and SIRT 7), cytoplasm (SIRT 1 and SIRT 2) and mitochondria (SIRT 3, SIRT 4 and SIRT 5). Their role in cancer is still controversial. In fact, SIRT 2 and SIRT 6 are considered as tumour suppressors and are downregulated in some malignancies, whereas SIRT 4, SIRT 5 and SIRT 7 are upregulated in cancers. Importantly, depending on the cellular context and tissues, SIRT 1, SIRT 2 and SIRT 3 act either as tumour suppressors or oncogenic factors. Therefore, several sirtuin modulators are currently in clinical trials; nevertheless, to the best of our knowledge, none of them have been marketed, yet (Fig. 16) .
A survey of the recent literature evidenced the interactions between sirtuins and HIF-1α expression. Indeed, inhibition of SIRT 1 leads to an anarchic HIF-1α acetylation, impairs its accumulation and consequently downregulates HIF-1α targeted genes expression. 119 Interestingly, SIRT 1 is also involved in the regulation of HIF-2α. 120 In this context, Dai and co-workers have recently demonstrated that Tenovin-6, a dual SIRT 1/SIRT 2 inhibitor induces apoptosis in uveal melanoma cell lines by activating tumour suppressor genes and by increasing ROS levels. This molecule specifically kills CSCs in the 92.1 and Mel270 uveal melanoma cell lines.
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AK-7 is a specific SIRT 2 inhibitor that has been reported by Kim and co-workers. 122 It increases the p-VHL-dependent ubiquitination of HIF-1α under hypoxia, and therefore reduces in a dose dependent manner HIF-1α levels in at least four different cancer cell lines (A549, HeLa, HEK293 and HEK293T). In the HCT116 and HT29 colon cancer cell lines, this inhibitor also induces the proteasomal degradation of Snail, and leads to cell-cycle arrest in phase G1.
Otherwise, SIRT 3 inhibition mediates the metabolic reprogramming of tumour cells through ROS generation. It leads to HIF-1α stabilization and subsequent expression of glycolytic genes. 123 Oroxylin A, a flavonoid derivative, activates SIRT 3 in breast cancer cells and promotes the destabilization of HIF-1α. Consequently, oroxylin A inhibits the glycolysisdependent metabolism and the cellular proliferation. 124 Another molecule of interest that targets SIRT 3 is an indole derivative, MIAM. This molecule exerts a large scope of anti-cancer activities both in vitro and in vivo. On mice xenografted with human HCC cancer cells, it triggers the up-regulation of SIRT 3 and consequently destabilizes HIF-1α. Interestingly, MIAM does not exert significant toxicity on threated animals. 125 4.2.3. Inhibitors of thioredoxin-1 and thioredoxin reductase (Fig. 17-19 ). Thioredoxin-1 (Trx-1) is a small ubiquitous redox protein over expressed in cancer tissues, which undergoes a reversible NADPH dependent reduction mediated by its partner protein, the thioredoxin reductase (TrxR) (Fig. 17) . Overexpression of Trx-1 is involved in the activation of several growth factors and gene promoters, such as NF-κB and HIF-1α, both in normoxic and hypoxic tissues. 126 However, the precise mechanism by which Trx-1 activates and stabilizes HIF-1α remains partly elusive. Zhou and co-workers hypothesized that Trx-1 activates HIF-1α synthesis by interacting with Akt and eIF-4E; 127 moreover, Naranjo-Suarez and co-workers evidenced, in four human cancer cell lines (HeLa, HT-29, MCF-7 and ETM6), that HIF-1α activity is independent of TrxR status.
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These authors also reported that overexpression of Trx-1 in TrxR deficient HeLa and EMT6 cells is sufficient to increase HIF-1α activity. In this context some Trx-1/TrxR inhibitors with an attested effect on HIF-1α levels have been reported (Fig. 18) . The most studied molecule is the compound PX-12. It exerts a dual activity: on the one hand, PX-12 induces an irreversible thioalkylation of a Trx-1 non-catalytic cysteine residue (Cys 73 ), and on the other hand it disrupts the tubulin polymerisation. Consequently, PX-12 inhibits tumour cell growth with an IC 50 in the micromolar range (MCF-7, HT629, MCF-7 tumour cell lines), and decreases in a dose dependent manner HIF-1α levels. Interestingly, Welsh and co-workers evidenced that this degradation occurs independently from the pVHL pathway. 129 PX-12 was the first Trx-1 inhibitor to reach clinical development; a phase II study has been launched in December 2006 (NCT00417287) for its use in monotherapy in the treatment of pancreatic neoplasms, but has been interrupted by investigator decision and no results have been published. Indeed, a more recent report (2013) dealing with a phase I trial performed on patients suffering gastrointestinal malignancies highlights that the maximum tolerated dose of PX-12 was estimated at 300 mg m −2 d −1 . These trials did not evidence any significant clinical activity of PX-12, since no changes in the levels of Trx-1 and VEGF in plasma of the patients were observed. 130 Therefore, the further development of this molecule appears questionable. Nonetheless, two Trx-1 inhibitors (AJM 290 and AW 464) structurally-related to PX-12, increase HIF-1α expression in several human cancer cell lines (e.g. MDA-MB-438) while they paradoxically inhibit the expression of HIF-1 targeted genes. Indeed, AJM 290 and AW 464 act as inhibitors of the HIF-1α COOH-terminal transactivation domain and block HIF-1 binding to DNA. Lastly, AW 464 exerts sub-micromolar antiproliferative activities against several cancer cell lines, including MCF-7, MDA-MB-468, HCT-116 and HT-29. 131 The natural antibiotic pleurotin, isolated from Pleurotus griseus is a naphthoquinone that exerts a large scope of potential therapeutic applications, including antibacterial, antifungal and anti-cancer (Fig. 19) . It is a sub-micromolar irreversible inhibitor of TrxR (IC 50 = 0.17 μM; K i = 0.28 μM), which also downregulates HIF-1α in a dose-dependent manner. 129 Pleurotin has recently been included in a screening, aiming to select natural products with specific anti-CSCs activity in melanoma. In this study, Sztiller-Sikorska and co-workers demonstrated that it exhibits a more potent anti-proliferative activity against clonogenic cells (IC 50 in the 0.1 μm-1 μM range) than against fast-cycling cells. 132 Lastly, new structurally-related pleurotin-derivatives, encompassing a benzo [1,2,4]triazin-7-one scaffold have been synthesized. In a preliminary report, Sweeney and co-workers pointed out that these derivatives exhibit interesting cytotoxic effects on selected cancer cell lines including GM00637, DU-145 and MCF-7. 133 Another TrxR inhibitor of interest is a binuclear goldĲI) complex that contains mixed diphosphine and bis N-heterocyclic carbenes (NHCs) ligands (Fig. 19) . This drug inhibits in vitro TrxR in a dose dependent manner (IC 50 = 38 nM), and exerts significant cytotoxicity toward breast (MCF-7), nasopharyngeal carcinoma (SUNE1), lung adenocarcinoma (H1975) and mouse melanoma (B16-F10) with IC 50 values in the 1.3-3.2 μM range. On mice xenografted with HeLa cervical cancer cells, this gold complex reduces the tumour growth by more than 79% in 9 days at a dose of 5 mg kg −1 . It does not induce any body weight loss, and exerts an antiangiogenic activity. Overall, this agent inhibits CSCs selfrenewal in human glioblastoma cells (U-87) and cervical cancers (Hela). Therefore, this complex can be seen as a pioneering molecule in the development of new specific antiCSCs agents. 134 Fig. 20 and 21 ). While HIF-α/HIF-β heterodimerization is thought to be mandatory for their nuclear translocation and activation, specific inhibitors of this dimerization are surprisingly scarce. Indeed, to the best of our knowledge, only two agents targeting this specific protein/protein interaction have been reported to date: the cyclic hexapeptide cyclo-CLLFVY, 135 and the acridines mixture acriflavine (a mixture of proflavine and trypaflavine, Fig. 20 ). 136 Mechanistically, these molecules bind HIF-1α in the per-ARNT-Sim domain (PAS), and therefore inhibits its heterodimerization with HIF-β. The crystallographic structure of proflavine bound to HIF-2α/HIF-β has recently been elucidated by Wu and coworkers. 137 It is noteworthy that the binding of acriflavine to HIF-1α or HIF-2α monomers (K d in the 50 μM range) appears weaker than its binding to the corresponding heterodimeric complexes (K d in the 40 nM range). Cellular assays on PC-3 and Hep3B-c1 human cancer cells highlighted that acriflavine affects neither HIF-1α and HIF-2α mRNA levels nor the protein levels of Hsp90, c-Myc, β-actin. Moreover, cell cycle, proliferation or survival are not inhibited by acriflavine. However, this therapeutic agent downregulates the expression of the HIF-1-activated genes (HRE), among them VEGF, stromal derived factor 1 (SDF-1) and SCF-1. In vivo, assays on mice xenografted with PC-3 cells evidenced that acriflavine prevents tumour growth. 136 Interestingly, acriflavine sensitization of hypoxic cells to photodynamic therapy (PDT) has recently been suggested by Broekgaarden and co-workers. PDT consists in the local excitation of a photosensitizer (usually a cyanine or a porphyrin derivative), leading to generation of ROS and to the subsequent destruction of the local tumour vasculature. However, tumours may escape from these treatments by activating HIF-1. In this context, acriflavine has been co-encapsulated with zinc phtalocycanines into cationic liposomes and its effect on human epidermoid carcinoma (A431 cells) has been studied. As main result, the authors reported synergistic effects between acriflavine and the PDT-agent when cancer cells were cultured in a hypoxic media. 138 Otherwise, the hexapeptide cyclo-CLLFVY (Fig. 21) inhibits HIF-α/HIF-β heterodimerization in vitro with an IC 50 = 1.3 μM. It induces a dose-dependent reduction of HIF-1 activity in both human osteosarcoma cells (U2OS) and breast cancer cells (MCF-7). As downstream consequence, this cyclic peptide leads to the inhibition of VEGF production by tumour cells (in U2OS and MCF-7 cells treated at a dose of 50 μM). In addition, it disrupts the HUVEC microtubules formation under hypoxia, which is an evidence of its anti-angiogenic potency. Despite the very high degree of homology between HIF-1α and HIF-2α, cyclo-CLLFVY is reported to only antagonize the HIF-1α/HIF-1β interaction. 135 4.2.5. Miscellaneous compounds (Fig. 22) . In 2007, Lee and co-workers reported a high throughput assay, that led to the identification of LW6 as a new agent triggering HIF-1α degradation. 139 Interestingly, this molecule, which encompasses an adamantyl moiety, inhibits in vitro the accumulation of HIF-1α in a set of cancer cell lines, including Caki-1, PC-3, SK-HEP1 and HCT-116. This proceeds through the enhancement of pVHL expression, which in turn leads to HIF-1α proteasomal degradation. In a xenograft model of human cancer cell line (HCT116), administration of LW6 at the daily dose of 20 mg kg −1 reduces tumour growth up to 53% compared with untreated animals. 140 It is noteworthy that maltate dehydrogenase and calcineurin b homologous protein 1 emerged recently as alternative LW6 molecular targets. Their inhibition is related to cancer cell growth inhibition and apoptosis induction. Starting from LW6, new series of small-sized organic inhibitors of HIF-1α have been designed. For example, AC1-004, a benzimidazole derivative, inhibits HIF-1α accumulation in cancer cell lines including HCT-116, MDA-MB-435, SK-HEP1 and caki. In vitro, AC1-004 also inhibits microtubule formation, thus underlining its potential anti-angiogenic effects. 141 In addition to AC1-004, the carboranylphenoxyacetanilide derivative GN26361 has been reported. It inhibits HIF-1 transcriptional activity in HeLa cells (IC 50 = 0.74 μM), supresses HIF-1α accumulation and VEGF mRNA expression. However, it does not affect HIF-1α mRNA levels. 142 Berberine is an alkaloid extracted from Huanglian, a plant used in traditional Chinese medicine for the treatment of gastric discomforts such as gastroenteritis. In 2004, Lin and co-workers reported that, in vitro on SC-M1, this alkaloid eradicates angiogenesis at a 7.5 μM dose, and reduces the VEGF expression. These effects are mediated by HIF-1α destabilisation and not by a downregulation of its mRNA. In fact, berberine triggers the acetylation of Lys 532 which is catalyzed by the acetyltransferase ARD1, and subsequently leads to the degradation of HIF-1α by the 26S proteasome. 143 Currently, growing evidences underline that berberine could potentially be used as radiosensitizer agent against various cancer cell lines, including prostates cancers and esophageal squamous cancer, both in vitro and in vivo.
Inhibition of HIF dimerization (
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Pseudolaric acids A and B, extracted from the root bark of Pseudolarix kaempferi Gordon tree, are other natural compounds that lead to the proteasomal degradation of HIF-1α. Consequently, the downregulation of VEGF expression and the inhibition of angiogenesis are observed. Remarkably, these molecules do not affect MAPK and PI3K/Akt signalling pathways. 145 Recently, it has been evidenced that pseudolaric acid B triggers the phosphorylation of two serine residues of c-Jun (Ser 63 and Ser 73 ), a transcription factor activated by the activator protein AP-1, which in turn loses its capacity to stabilize HIF-1α. Fig. 23-27 ). As described above (section 2.3), the activation of HIF-1 transcriptional activity requires the recruitment of transcriptional cofactors, among them the homologs p300 and CREB-binding protein (CBP).
The HIF-α/p300 protein/protein interaction is characterized by a large surface and a low K d (7 nM). It involves the C-terminal domain of HIF-1α (C-TAD) and the cystein/histidine-rich 1 domain (CH1) of p300/CBP (also known as a transcriptional adapter zinc-binding domain, TAZ). 147 The 3D structure of this interaction has been resolved using high resolution multidimensional NMR spectroscopy. The resulting binding model highlights that three Zn 2+ cations are incorporated in the CH1 domain of p300 to ensure its structural stability (PDB: IL3E, 1L8C, Fig. 23 ). 148 Interestingly, unbound CAD is disordered, but its binding to CH1 stabilize its 3D structure, notably by means of hydrophobic and polar 
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interactions. When bounded to p300, C-TAD is structurally characterized by three short helixes (Fig. 23, blue ribbon) , wrapping entirely CH1 (Fig. 23, pink ribbon) . The carboxamide group of the C-TAD asparagine residue Asn 803 , located in one of these helixes, is involved in an important H-bond network which stabilizes the protein/protein interaction. However, this asparagine also acts as an hypoxic sensor. Indeed, its hydroxylation occurs in normoxia and is mediated by a tumour-suppressor, the FeĲII)-dependant asparginyl oxydase FIH. As downstream consequence, this hydroxylation breaks the hydrogen-bonding network, and destabilizes the protein/protein interface. 148 In this context two rationale approaches have been suggested to design protein/protein interaction inhibitors (PPIis) able to antagonize the interaction between HIF-1 and p300. The first strategy consists in the use of molecule able to destabilize p300 by means of a Zn 2+ ejection mechanism.
On the other hand, α-helix mimics with high affinities for p300 have been designed to directly compete with its binding to HIF-1α. In addition, natural compounds are also continuously screened in order to identify potent HIF-1/p300 antagonists.
-Studies on PPIis involving a Zn 2+ ejection mechanism
Among the series of known inhibitors for the HIF-1α/p300 interaction, the epidithiodiketopiperazines form a class of interesting fungal secondary metabolites, characterized by a diketopiperazine scaffold bridged through two sulfur atoms (Fig. 24) . These derivatives specifically destabilize the structure of p300 by a Zn 2+ ejection mechanism. The resulting misfolded cofactor loses its capacity to bind HIF-1, whose transcriptional activity is in turn inhibited. Their leading member is chetomin, a metabolite produced by Chaetomim coclides and Chaetomium seminudum. 149 Indeed, in a model of mice xenografted with HT116 human colon cancer cells, chetomin represses the expression of the HIF-1-mediated genes (HRE) at a dose of 2 mg kg −1 . At this dose, chetomin significantly reduces tumour growth without affecting the weight of the treated animals. The histological examination of tissues harvested from tumours revealed significant necrosis in treated animals. However, the repeated intravenous injections cause an unexplained local toxicity. 149 More recently, its use in the treatment of incurable multiple myeloma has been suggested by Viziteu and coworkers. 150 Chetomin and two derivatives, chaetocin and gliotoxin, exhibit potent anti-tumour activities against several cancer cell lines in vitro, including multiple myeloma. Moreover, in mice xenografted with human prostate tumours (PC-3 and DU-145), administration of chetomin at a dose of 0.25 mg kg −1 reduces the tumour growth by more than 50%, within 15 days. 151 Recently, Dubey and co-workers synthesized dimeric chetomin-based derivatives. These new molecules have been designed to act as high-affinity divalent ligands for binding concomitantly two zinc cations from p300. In a panel of human breast (MCF-7 and MDA-MB-231) and lung (A549) cancer cell lines, the same authors reported an inhibition of HIFinduced gene transcription (e.g. VEGF-A, LOX, Glut1 and cmet). Moreover, they reported the strong antitumour effect of these compounds when administrated to mice xenografted with breast and lung tumours, at a dose of 1 mg kg −1 .
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Jayatunga and co-workers reported a high throughput screening performed on a library of 10 000 natural products. This allowed the mergence of a series of small-sized natural quinones and indandiones which antagonize the HIF-1/p300. Mechanistically, indandione derivatives are unstable and lead to ninhydrin, the actual reactive agent. It is able to bind to Zn 2+ cations and thus to trigger the decomplextion of these metal atoms from p300. These quinone and indandione derivatives inhibit HIF-1/p300 interaction with an IC 50 in the 5-15 μM range (Fig. 25 ).
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-α-turn mimetics as PPIis An interesting alternative to antagonize the HIF-1/p300 interaction is based on the α-helical conformation of C-TAD which surrounds p300 CH1 domain. Indeed, two teams hypothesized that α-helix mimics, designed to exhibit high affinity for p300 CH1, will compete its binding to C-TAD (Fig. 26) .
Firtsly, Henchey and co-workers synthesized series of α-helical peptides structurally related to HIF-1α/C-TAD domain and including a hydrogen bond surrogate (HBS) motif. 154 Indeed, the HBS strategy consists in the replacement of one of the main chain intramolecular H-bond by a covalent linkage, and more precisely, in the case of this study, the introduction of a C-C linkage (Fig. 26B) . Among the different peptides studied, the most potent one exhibits 53% of helicity, and at the dose of 1 μM and after 12 h of incubation Fig. 23 3D-structure of HIF-1α bound to p300 (PDB: 1L3E). The C-TAD domain of HIF-1α (blue ribbon) is characterized by three short helices, wrapping around the CH1 domain of p300 (pink ribbon). CH1 adopts a triangular geometry, and encompasses three cations Zn 2+ , responsible for its structural stability. Importantly, unbounded C-TAD is not structured.
reduces the transcription of the VEGF gene by 45% in cervical cancers (HeLa cell line). The authors determined by isothermal microcalorimetry analysis that this peptide binds p300 with a K d of 0.4 μM.
On the other hand, Burslem and co-workers designed and synthesized trimeric and tetrameric aromatic oligoamides as α-helix mimics (Fig. 26C) . 155 Among these fully non-peptidic foldamers, several molecules designed as mimics of the HIF-1α helix 2 inhibit the HIF-1/p300 binding with IC 50 in the 10-50 μM range (the most potent one depicted in Fig. 26C , exhibits an IC 50 = 9 μM). However, conversely to the results described by Henchey, these authors observed that specific mimics of HIF-1α helix 2 are unable to antagonize the HIF-1α/p300 binding. Lastly, these foldamers have not been evaluated in cellular assays, yet.
-Natural products Classes of natural compounds with the ability to antagonize HIF-1/p300, and subsequently to exert a potential antitumour activity, are continuously emerging in the literature (Fig. 27) . Among representative examples, one can cite Eudistidine A, a polycyclic marine alkaloid, which inhibits HIF-1/p300 with an IC 50 Fig. 28 and 29 ). Anthracyclines form a well-known and widely used class of anti-cancer drugs targeting the topoisomerase II. However, additional inhibitory effects on HIF-1 mediated gene transcription only emerged in 2006 (Fig. 28) . In fact, Yamazaki and co-workers demonstrated that cinerubin and MedChemComm Review aclacinomycin B inhibit the hypoxic induction of VEGF protein in HepG2 cells. 159 Later, Semenza's group evidenced in 2009 that daunorubicin and doxorubicin mediate the inhibition of endogenous HIF-1 target genes, such as VEGF, SDF-1 and SCF. The authors hypothesized that this inhibition is due to the overlapping of the DNA HIF-1 binding sequence (5′-(A/G)CGTG-3′) with the optimal doxorubicin and daunorubicin binding sequences (5′-(A/T)CG-3′ and 5′(A/T)GC-3′). 160 In the same report, the potency of these molecules was demonstrated, in vivo. On mice xenografted with human PC-3 prostate cancer cells and at the dose of 0.5 mg kg −1 , these two drugs lead to a significant tumour growth reduction (up to 50% compared with untreated controls). Moreover, flow cytometric analyses of peripheral blood revealed an extinction of the circulating angiogenic cells, which includes endothelial progenitor cells and mesenchymal stem cells. 160 Lastly, it is noteworthy that Tanaka and co-workers recently demonstrated that these molecules also delay the HIF-dependent migration of RCC cells, having therefore an anti-metastatic effects. 161 Echinomycin, a cyclic pseudopeptide derived from Streptomyces echinatus, belonging to the quinoxalin antibiotics and has been identified as a specific antagonist of HIF binding to a DNA sequence containing the VEGF-A promoter gene (Fig. 29A) . 162 Indeed, echinomycin binds the HIF-1 recognition sequence 5′-A/TCGT-3′, and the crystallographic data underlines an interesting binding mode in which the two quinoxicarboxaline cores are intercalated between the bases (Fig. 29B) . 163 Consequently, this molecule downregulates, under hypoxia, the HIF activity in several cancer cell lines (solid and haematological) affecting different type of malignant tissues, such as HepG2, MCF-7, U251. However, echinomycin has an additional counter productive effect on HIF. Indeed, in normoxic conditions, low concentration levels of echinomycin can enhance the Sp1 protein activity, which lead to an increased HIF gene transcription. 164 Therefore, the use of this drug in cancer therapy remains very questionable. The phase II trials devoted to echinomycin did not bring any evidence of significant clinical benefits for patients, and therefore are currently suspended. 165 In this context, Hattori and co-workers have recently synthesized derivatives of triostin A, an echinomycin precursor (Fig. 29C) . In human breast cancer cells (MCF-7 cell line), several of these pseudopeptides, not only inhibit DNA binding of HIF-1, but also prevent HIF-1α accumulation. This latter result suggests that the cytotoxic effect is not only HIF-1-dependent, and paves the way to the design and development of a new anticancer agents. 166 
Perspectives: HIF-1 inhibition and CSCs, what's next?
HIF-1 is a key player in CSCs formation, maintenance and self-renewal and is at the crosstalk of signalling pathways involved in tumour aggressiveness and metastasis formation. It is also responsible for several evolutions of the tumour microenvironment. Therefore, this target is of utmost interest in current medicinal chemistry, and decades of research allowed the emergence of a wide variety of HIF-1 inhibitors/ modulators. Several molecules have successfully passed the clinical trial stage and are currently administered to patients. Nonetheless, the survey of the literature presented herein points out that the problem of the HIF-1 inhibition in the specific CSCs context has not been fully addressed, yet. New therapeutic strategies are needed to tackle the adaptive response of this subtype of aggressive cells. In this context, several ongoing research axes can be underlined. Hence, targeting hypoxic region within a tumour by means of hypoxia-activated agents has been envisioned about 30 years ago. 167 This strategy consists in the delivery of a prodrug which is first activated by a reductase; the generated reduced radical then undergoes a fragmentation to yield the active substrate in case of oxygen deprivation (hypoxia). In normoxic tissues, oxygen allows the regeneration of the starting products. 168 ( Fig. 30 ).
In addition to this strategy, the selective delivery of chemotherapeutics to hypoxic niches using hypoxia-sensitive (nano)vectors is also an area of intense research. 169 Combining one of these approaches with drugs that directly target HIF or indirectly disrupt its functions could yield doubly specific drugs and may exhibit enhanced selectivity and efficacy towards hypoxic tumours. In this context, several hypoxia-activated prodrugs (HAPs) have been designed and evaluated in vitro and in vivo. 168, 170 Nonetheless, Q39 is the only example of HAP specifically directed towards HIF-1 activity (Fig. 30) . All the other HAPs do not affect HIF itself or its function and are therefore beyond the scope of this review.
Q39 is a quinoxaline di-N-oxide that was first synthesised and evaluated, in several hypoxic and normoxic tumour cell lines, by Hu and Yang in 2007. 171, 172 It induces apoptosis of both hypoxic and normoxic tumours through the mitochondria apoptotic pathway. This was corroborated to the increased levels of Bax and p38, and accompanied by the decrease of HIF-1α level. Rather than acting on the degradation rate of HIF-1α or its corresponding mRNA levels, Q39 induces mTOR and 4E-BP1 dephosphorylation and thus perturbs HIF-1α expression at the translational level. 172 In addition to the aforementioned approaches, a complementary alternative is the use of antibody drug conjugates (ADCs). 173 These therapeutic agents are hybrid macromolecules, which combines a cytotoxic agent with a monoclonal antibody (mAbs) directed toward a specific extracellular marker of cancer cells. These two entities are linked through a spacer (usually disulfide bridges or peptides). In the recent years, this ADC technology has been used to address drugs to CSCs. To this end, mAbs have been designed to specific target CDCs markers such as CD20, CD44, CD133, DLL3 and LGR5, which have been linked to various cytotoxic agents including DNA poisoning molecules, microtubule-targeting drug (paclitaxel), topoisomerase inhibitors and anthracyclines. [174] [175] [176] [177] [178] Interestingly, no ADCs have been designed to specifically downregulates HIF-1 in CSCs. Moreover, the effects of the above mentioned ADCs on HIF-1 stability have not been assayed. Nonetheless, among them, one encompasses a doxorubicine derivative (the anthracycline PNU 159682), 178 and another encompasses a topoisomerase inhibitor (SN-38, a compound in clinical trial phase I, and which is the main metabolite of irinotecan) 176 known to downregulate HIF-1α and downstream genes expression when administrated alone (Fig. 31) . 179 An interesting complementary ADC approach has been suggested by Cui and co-workers in 2010. Owing to the overexpression of HIF-1α in hypoxic regions, its targeting may dramatically enhance drug selectivity. In this context this team reported the preparation and assessment of an antibody anti-HIF-1α conjugated to nano-micelles filled with paclitaxel. 180 They describe that the presence of the anti-HIF-1α antibody dramatically increases (from 18% to 81%) the nanomicelles uptake by adherent MGC-803 cells (stomach cancer). In terms of cytotoxicity, the antibody conjugate exhibited moderately higher activities than the untagged nano-micelles, the latter being active due to the EPR effect. Nevertheless, the authors confirmed that the designed nano-micelles could partly discriminate tumour cells from healthy cells. In fact, this antibody drug conjugate did not display obvious toxicity towards HDF fibroblast cells that do not express HIF-1α.
Conclusion
To conclude, we summarized in this review some relevant aspects of the current researches devoted to HIF-1α, with a particular emphasis on CSCs. Thus, we underline the pivotal role of this transcription factor in CSCs formation and maintenance. We pointed out selected success stories in the development of HIF-1 inhibitors. Despite indisputable advances, as demonstrated by the continuous emergence of marketed therapeutic agents targeting HIF-1, the molecules able to tackle this transcription factor in the specific context of the CSCs remain rare. This paves the way for new approaches (Fig. 32 ) in order to identify original therapeutic agents, or a new drug formulation/nanomedecine, able to become the "golden standard" for tackling this aggressive and deadly subtype of cancer cells in a specific way.
